A simple and sensitive method is described for the determination of trace lead in Chinese herbs by derivative atom trapping flame atomic absorption spectrometry (D-AT-FAAS) with a modified water-cooled quartz atom-trapping tube. The effects that influence the sensitivity of the derivative method, such as the trap position, the flame conditions and the collection time, were studied. The characteristics of the derivative atom trapping-atomic absorption signal and the linear nature of the working curve were investigated. The sensitivity of the derivative method is 2 or 3 orders of magnitude higher than that of FAAS, and the detection limit improved by 1 or 2 orders of magnitude. Satisfactory recoveries of 93.0 -108.0% for lead were obtained by determining several Chinese herbs with a relative standard derivation range of 2.9 to 4.2%.
Introduction
The great beneficial effect of traditional Chinese herbs on people's health has been increasingly noticed. The trace metals existing in Chinese herbs have a great effect on pharmacy as well as a curative effect. A highly sensitive and practical analytical technique is required because of the lower content of lead in Chinese herbs. There are several techniques available for the determination of Pb in Chinese herbs, including graphite furnace atomic absorption spectrometry (GFAAS), 1 inductively coupled plasma-mass spectrometry (ICP-MS) 2, 3 and inductively coupled plasma-atomic emission spectrometry (ICP-AES). 4 Flame atomic absorption spectrometry (FAAS) is the most common analytical method adopted for measuring trace elements in Chinese herbs. [5] [6] [7] [8] However, because FAAS normally allows the quantification of elements only at ppm levels, the determination of trace lead in Chinese herbs using FAAS must be combined with several preconcentration steps, such as coprecipitation, 9 solvent extraction 10, 11 and ionexchange. 12 The atom-trapping technique developed by Lau et al. is a method of preconcentrating the analyte atoms in a flame using a quartz tube as an atom collector. 13 In our previous papers, the determination of trace lead in waters and liqueurs was described in which a stainless-steel tube was used as an atom collector with a higher sensitivity than FAAS. 14 A new method with FAAS was proposed for the determination of ppb levels of lead by combining the derivative measurement system with the atom-trapping technique. 15, 16 The purpose of this study was to establish a sensitive, simple and reproducible technique with a lower detection limit using derivative atom trapping flame atomic absorption spectrometry (D-AT-FAAS). This method was applied to the determination of trace lead in several Chinese herbs with satisfactory results.
Experimental

Apparatus
A WYX-401 atomic absorption spectrometer (Shenyang Analytical Instrument Factory, Shenyang, China) was used with a lead hollow-cathode lamp (Beijing Vacuum Gauge Factory, Beijing, China) at a resonance wavelength of 283.3 nm through a 0.2 nm spectral slit width. The modified atom-trapping equipment with a water-cooled quartz trapping tube in an air-acetylene flame and a laboratory derivative measurement system were employed throughout the experiments. The derivative measurement system consists of two parts, i.e. magnification and differential units. Five sensitivity grades, which correspond to five different magnification levels, expressed as 2, 5, 10, 20 and 50 mV min -1 , were available in the derivative measurement system. An increase in the derivative signal intensity of the same lead solution was accompanied by a decrease in the sensitivity grade. The highest sensitivity, i.e., the largest signal intensity, was obtained with a sensitivity grade of the smallest value (2 mV min -1 ). The derivative measurement system was connected between the atomic absorption spectrometer and a double-pen recorder with which the derivative and conventional signals were recorded simultaneously in the 20 mV min -1 range.
Reagents and chemicals
A lead stock solution, 1 mg mL -1 , was prepared by dissolving 1.5989 g of lead nitrate (analytical-reagent grade) in 20 mL 1% HNO3 and diluting to 1000 mL with sub-boiling distilled water. Working solutions were prepared by serial dilution of the stock solution with sub-boiling distilled water just before use.
All of the other reagents were of analytical-reagent grade. 
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Sub-boiled distilled water was used throughout the experiment.
Digestion of practical samples
Complete digestion of a Chinese herb sample was performed by wet digestion with a mixture of nitric acid and hydrochloric acid in a beaker. A Chinese herb sample (about 1.0 g) bought from the market was digested on an electric hot-plate with 20 mL of HNO3 and 5 mL of HClO4. After the sample was heated for about 1 h, each digest solution was gently heated, and any excess acid was removed. After cooling to room temperature (25˚C), residues were dissolved with 2% HNO3. The content was transferred to a volumetric flask and diluted to 50 mL with sub-boiling distilled water. The sample blank and the solutions of the recovery test were treated in the same way.
Procedure
A quartz tube (4 mm o.d.) was positioned 6 mm above the burner and 5 mm below the light path. Cooled tap water was passed through the tube during the collection cycle. Solutions were aspirated into the flame for an appreciable collection time (1 -3 min). The coolant water was then shut off, and thus the trapping tube was warmed up and atoms condensed on the cool surface of the tube were rapidly released into the flame. The transient atomic-absorption signals of the atom-trapping atomic absorption signal and the derivative atom-trapping atomic absorption signal were recorded simultaneously by a double-pen recorder. The optimal experimental conditions are summarized in Table 1 .
Under optimal conditions, the contents in Chinese herb samples were determined by using a standard curve method based on the linear relation between the peak height of the derivative signal and the analyte concentration.
Results and Discussion
Modification of the trapping equipment
The atom-trapping methods described in the literature require the coolant water to flush out of the trapping tube rapidly by a blast of air via a control tap system during the releasing cycle. If the air blast is continuously passed or the coolant water is not flushed out of the tube completely and rapidly, the surface of the trapping tube is not heated up rapidly, which influences the signal intensity of lead. In our previous work, the trapping equipment was improved without any blast of air. The coolant water was passed through the trapping tube during the collection cycle. During the releasing cycle, after the tap water was shut off by turning a three-way valve, the coolant water automatically flowed out of the two ends of the trapping tube without any blast of air. However the coolant water could not flow out of the trapping tube rapidly enough. It influences the signal intensity of lead. In order to deal with this problem, the trapping equipment was improved, as shown in Fig. 1 .
During the collection cycle the coolant water passed the trapping tube while valve (E) was shut off. During the releasing cycle, the coolant water was shut off by turning the three-way valve (D); valve (E) was then opened, and the coolant water flowed out of the tube in two directions automatically. This made the tube heat up rapidly, and thus the atoms condensed on the surface of the trapping tube were released at high speed. The modified equipment thus overcame the shortcomings of the former equipment, while being simpler and more practical to operate. It was used for the following experiments.
Effect of the flame condition
The characteristic of an air-acetylene flame had an important effect on the sensitivity and precision. The influence of the flame condition on the signal intensity was investigated by locating the air-flow rate (480 L h -1 for optimal aspiration) and altering the acetylene flow rate. The result of our experiment showed that the best sensitivity was obtained by using a 120 L h -1 of flow rate for acetylene.
Effect of the trap position
The optimum position of the trapping tube from the axis of the light path or the burner was investigated. The effect of the tube position on the derivative absorbance at the peak height is shown in Fig. 2 . The optimal position of the tube was 5 mm below the light path and 6 mm above the burner.
Effect of the collection time
The collection time is one of the most important factors concerning the sensitivity of D-AT-FAAS. The efficiency of collection from different concentrations of lead solutions was investigated for different times. The results are shown in Fig. 3 .
It shows that the derivative absorbance of Pb increases in proportion to the collection time in a range of 4 min; the derivative absorbance is linearly depended on the collection time.
Effect of the derivative sensitivity grade
The derivative absorbance was also affected by the derivative measurement system.
The output signal of the atomic absorption spectrometer was first magnified and then differentiated to obtain different signal intensities for different derivative sensitivity grades. The results are given in Table 2 .
As shown in Table 2 , there was a multiple relation between the derivative absorbance and the derivative sensitivity grade. An appropriate sensitivity grade can be chosen according to the amount of lead in real samples. 
Linearity of the calibration curve
The linear-regression equations and correlation coefficients of derivative atom trapping flame atomic absorption spectrometry (D-AT-FAAS) at different sensitivity grades for a 1 min collection time are listed in Table 3 . The linear range was 0 -500 mg L -1 for Pb.
Sensitivity, detection limit and precision
The characteristic concentration as a measure of sensitivity for D-AT-FAAS, AT-FAAS and FAAS was designed as the concentration of the analyte that provides a peak absorbance of 0.0044. The detection limits for the three methods were based on triple the standard derivation of the blank (n = 11). The results are listed in Table 4 with the precision (RSD). It is evident from Table 4 that D-AT-FAAS has better sensitivity, a lower detection limit and good precision compared with the other two techniques.
Sample analysis
The proposed method was applied to determine lead in eight kinds of Chinese herbs (Hongshen, Danshen, Dangshen, Kushen, Shengma, Mahuang, Chaihu and Gancao) from Shanxi Province of China. The recoveries for lead added into samples are given in Table 5 . The good recovery proved that the method is feasible, which varies from 93.0% to 108.0%.
The test result showed that the slopes of the calibration curves Derivative absorbance/mV min Recovery, % obtained for the standard curve method and the standard addition method are almost identical. The standard curve method was used in the determination. The accuracy of the proposed method was also evaluated by comparing the results with those obtained by using HG-AFS; as listed in Table 6 , the results obtained by the two techniques were in good agreement. The precision of the proposed method expressed as RSD was in the range 2.6 -5.3% for 0.38 -1.062 mg g -1 Pb.
Conclusion
The proposed method, one of the effective preconcentration techniques, is simple and easy with good accuracy and precision. The precision and the high sensitivity of the D-AT-FAAS technique offered considerable advantages over AT-FAAS and FAAS for the determination of trace lead in several kinds of Chinese herbs. The method described herein is thus suitable for the routine determination of trace metals in medicament and product quality assessment. 
